We propose a methodology for estimating the residence time of groundwater based on 18 bomb-produced 36 Cl. Water samples were collected from 28 springs and 2 flowing wells 19 located around Mt. Fuji, Central Japan. 36 Cl/Cl ratios in the water samples, determined 20 by accelerator mass spectrometry (AMS), were between 43 × 10 −15 and 412 × 10 −15 . A 21 reference time series of the above-background (i.e., bomb-derived) 36 Cl concentration 22
was constructed by linearly scaling the background-corrected Dye-3 data according to 23 the estimated total bomb-produced 36 Cl fallout in the Mt. Fuji area. Assuming piston 24 flow transport, estimates of residence time were obtained by comparing the measured 25 bomb-derived 36 Cl concentrations in spring water with the reference curve. The 26 distribution of 36 Cl-based residence times is basically consistent with that of 27 tritium-based estimates calculated from data presented in previous studies, although the 28 estimated residence times differ between the two tracers. This discrepancy may reflect 29 chlorine recycling via vegetation or the relatively small change in fallout rate since 30 ~1975, which would give rise to large uncertainties in 36 Cl-based estimates of recharge 31 for the period since ~1975. Given the estimated ages for groundwater from flowing Introduction 4 Groundwater is generally highly vulnerable to excessive use and contamination, 5 because of its typically long mean residence time. In the case of groundwater depletion 6 or contamination, aquifers require a long time for recovery and purification. 7 Consequently, knowledge of the residence time and flow system of groundwater is 8 crucial for the development and sustainable utilization of groundwater resources. 9 One of the most promising approaches to estimating the residence time of 10 groundwater is the use of environmental tracers, such as chlorofluorocarbons (CFCs), 11 tritiogenic 3 He, SF 6 , and 85 Kr for young groundwater (<60 yr). Bomb-produced 36 Cl is a 12 dating tool covering the last ~60 yr (Bentley et al. 1982) . In addition to its hydrophilic 13 nature, 36 Cl is advantageous for young groundwater because its long half-life (3.01 × 14 10 5 yr) means that decay attenuation is negligible on the time scale of decades to 15 centuries. 16 A 36 Cl bomb pulse can be observed in the unsaturated zone of arid and semi-arid 17 regions, and has been used as a tracer to estimate infiltration/recharge rates (e.g. Phillips 18 et al. 1988 ). In contrast, few studies have applied 36 Cl bombs in tracing groundwater, 19 except for detecting the presence of young water (e.g. Andrews et al. 1994) . 36 Cl has 20 been used in combination with 3 H to estimate the groundwater recharge rate in a 21 fractured rock aquifer (Cook and Robinson 2002) and to deduce the flow velocity and 22 dispersivity in a sandy aquifer (Balderer et al. 2004) . 23 Few studies have investigated the application of 36 Cl as a dating tool (Corcho 24 Alvarado et al. 2005; Milton et al. 2003; Tosaki et al. 2007 Tosaki et al. , 2010 . One approach to 25 quantitatively investigating the potential use of 36 Cl is to reconstruct its fallout rates 26 from measured 36 Cl/Cl ratios in groundwater. The 36 Cl fallout rates in Denmark, as 27 reconstructed by Corcho Alvarado et al. (2005) , exceeded the estimates based on data 28 from the Dye-3 ice core, Greenland (Synal et al. 1990 ). The authors attributed this 29 discrepancy to the storage and recycling of chlorine in the biosphere (e.g. Scheffel et al. 30 1999). The nature of such storage and recycling was thoroughly evaluated at a wet, 31 forested site in Canada by Milton et al. (2003) based on measurements of 36 Cl in 32 3 groundwater, vegetation, and soil. Their results suggested chlorine retention and 1 subsequent release by vegetation (including bomb-produced 36 Cl), which can lead to 2 errors in the application of 36 Cl-based methods. In contrast, the 36 Cl fallout rates in 3 Germany, as reconstructed by Tosaki et al. (2007 Tosaki et al. ( , 2010 , were consistent with Dye-3 4 fallout data, suggesting that the successful application of 36 Cl is dependent on the 5 conditions of the study site. 6 No previous study has used 36 Cl to quantitatively estimate the residence time of 7 young groundwater. Consequently, the aim of the present study is to develop a 8 methodology for " 36 Cl bomb-pulse dating". This paper presents the initial results of 9 attempts to estimate the residence time of volcanic spring waters originating from 10 basaltic lava aquifers. The results provide insight into the potential of the proposed 11 method and its limitations. The study area lies at the foot of the western, southern, and eastern sections of Mt. 15 Fuji in Central Japan. Mt. Fuji is one of the largest Quaternary stratovolcanoes in Japan 16 (elevation, 3776 m) and consists mainly of alternating basaltic lava flows and 17 coarse-grained pyroclastic rocks (e.g. Tsuya et al. 1988 from −66‰ to − 46‰ and from −9.9‰ to − 7.4‰, respectively (Table 1) Considering the locations of these springs, the water probably originated from the foot 8 of Mt. Hakone or from lower mountains. Consequently, these samples were not 9 considered when estimating the residence times.
10
The data in Table 1 indicate that the majority of the samples are Ca-HCO 3 type, 11 which is indicative of shallow groundwater, as reported previously in the present study The background 36 Cl/Cl ratio was assumed to be (60 ± 10) × 10 −15 , based on the 27 lower limit of the measured 36 Cl/Cl range (see Figure 4 ). After subtracting this value 28 from the 36 Cl/Cl ratios measured for the samples, these values were multiplied by each 29 Cl − concentration to obtain the above-background 36 Cl concentration (Figure 5c) In the present study, Equation (1) was revised for bomb-produced 36 Cl fallout, as 25 follows:
where local F is the measured 36 Cl fallout (atoms m −2 ), ) (λ F is the mean 36 Cl fallout 28 for a given latitude band (atoms m −2 ), and f is a conversion factor that represents the exception is sample 26, which showed a low δ 18 O value relative to the values for nearby 20 springs, indicating recharge from a higher part of the slope. This sample also has the 21 lowest K/Na ratio among the samples (see Table 1 ), which is characteristic of the deep 22 Older Fuji aquifer (Ikeda 1989). In addition, its low 36 Cl/Cl ratio, (53 ± 7) × 10 −15 , 23 suggests that it was recharged during the pre-bomb period (residence time > 55 yr). 24 Figure 6 shows the distribution of estimated residence times for spring water and 25 groundwater (see also Figure 7 shows the available data on 3 H concentrations for selected 4 springs, along with the range of 3 H concentrations in precipitation over Central Japan 5 (see Table 2 for tritium-based ages interpreted from previous tritium data). 3 H 6 concentrations at the foot of the eastern and western sections of Mt. Fuji are higher than 7 those at the southeastern and southern sections. Specifically, samples 4 and 29 from the 8 former sections yield slightly older tritium-based ages (12-17 and 3-16 yr, respectively; 9 Table 2 ). This difference between the eastern-western and south-southeastern sections 10 is basically consistent with the trend observed for 36 Cl. generally much older than the tritium-based ages (Table 2; Figure 8 ). This discrepancy 21 may reflect (1) dispersion during groundwater flow, (2) the mixing of groundwaters of 22 different ages (e.g. exponential mixing), or (3) chlorine recycling via vegetation. 23 Generally, dispersion acts to broaden the bomb pulse, resulting in an overestimate of 24 residence time for the post-peak portion of the reference data; however, this would have 25 a similar affect on both the 36 Cl and tritium pulses, as would exponential mixing. 26 Therefore, these two processes cannot explain the difference in residence time estimated 27 using the two tracers. Because the study area is located in a humid temperate climate, (Table 2) , which is almost twice the assumed natural background level (60 × 10 −15 ). 10 However, sample 30 shows especially low concentrations of dissolved ions (Table 1) 11 and a relatively high δ 18 O value (Table 2) , which may suggest a short residence time. 12 One reasonable explanation for the discrepancy in residence times is that the natural 13 background level of 36 Cl/Cl at the western foot of Mt. Fuji is higher than that for the Nuclear Instruments and Methods in Physics Research B 268, no. 7-8: 1261-1264. 30 Tosaki, Y., N. Tase, G. Massmann, Y. Nagashima, R. Seki, T. Takahashi, K. Sasa, K. Tsuchi (1992, 1996, 2001) , Yoshioka et al. (1993) , Mahara et al. (1993) , Masuda et al. (1994 ), Ochiai (1995 , Kakiuchi (1995), and Nakai (1996) . 8 Each value is expressed as the concentration at the time of sampling. Tritium concentrations in precipitation at Tokyo (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) ; IAEA/WMO 9 2006) and Chiba (1979 -2006 NIRS 2006) , Central Japan, are shown for comparison. Dotted lines indicate the decay curves for the maximum and 10 minimum tritium concentrations of the samples. The recharge year for each sample can be obtained from the intersection between a straight line that 11 passes through the tritium concentration data and the precipitation data. 
